In this study, we investigated the association between BA diameter and CSVD and cerebral large-vessel diseases through brain MRI and prospectively investigated the predictive value of BA diameter for subsequent cardiovascular events in patients with atherosclerotic risk factors.
A s brain MRI became widely used in the clinical setting, several vascular surrogate markers, such as silent brain infarction, white matter lesions, and cerebral microbleeds, have attracted large attention because of their predictive value for future stroke. [1] [2] [3] Intracranial stenosis or occlusion of major cerebral arteries has been routinely evaluated with brain MRI for the determination of pathogenesis of ischemic stroke, and the predictive value of asymptomatic intracranial artery stenosis has been examined. 4 The vessel diameter of cerebral major arteries can also be evaluated with brain MRI; however, its clinical significance has been rarely examined, except for extreme dilation and elongation, which is called dolichoectasia. Several studies have shown that dolichoectasia is associated with cerebral small-vessel diseases (CSVDs), such as lacunar infarct, état criblé, and white matter lesions. 5, 6 In addition, aging, 5 atherosclerotic risk factors, 5, 7 and some genetic factors that affect connective tissues [8] [9] [10] have been shown to be related to dolichoectasia. Dolichoectasia is most often observed in the basilar artery (BA) 5, 11, 12 and is associated with intracranial bleeding, stroke mortality, and cardiovascular death. 6, [13] [14] [15] [16] Given that (1) BA dolichoectasia is associated with cardiovascular events, (2) BA diameter is the most precise and objective marker of vascular dilation in BA dolichoectasia, 12 (3) BA dolichoectasia is associated with aging and atherosclerosis, and thus mild or moderate BA dilation may gradually become dolichoectasia with aging, and (4) mild or moderate BA dilation is much more common than BA dolichoectasia, 17, 18 it is important to assess the relationship between BA diameter and future cardiovascular events. We hypothesize that BA diameter is associated with other cerebral vascular lesions and increased risk of cardiovascular events, even after accounting for underlying known risk factors, such as hypertension, diabetes mellitus, and a history of cardiovascular events.
Results
The characteristics of the patients are shown in Table 1 . The BA diameter ranged from 1.1 to 5.2 mm (median, 2.7 mm), and the distribution is also shown in Table 1 . The variables associated with BA diameter in the univariate analysis were male sex, hypertension, smoking habit, history of ischemic heart disease and stroke, and body height. Also, lacunar infarct, severity of periventricular hyperintensities, deep white matter hyperintensities (DWMH), type of variation of the posterior circle of Willis, intracranial stenotic lesion assessed by MRI, and mean maximum intima-media thickness (IMT) and pulsatility index assessed by carotid ultrasound were associated with BA diameter (Table 2 ). The BA diameter was significantly smaller in the fetal type than in other variant types of the circle of Willis. In the multiple linear regression analysis, male sex, lacunar infarct, severity of DWMH, fetal-type variation, and intracranial stenotic lesion were independently associated with BA diameter (Table 3) .
In the follow-up study, the mean follow-up period was 6.0 years. Ninety-one patients (18.5%) developed new cardiovascular events, of whom 44 had cerebrovascular events (cerebral infarction in 35, cerebral hemorrhage in 2, subarachnoid hemorrhage in 1, surgical therapy for transient ischemic attack in 6), 39 had coronary events (acute myocardial infarction in 8 and revascularization therapy for ischemic heart disease in 31), and 8 had peripheral arterial events (arteriosclerosis obliterans in 5 and aortic aneurysm in 3). Of the 35 patients with a cerebral infarction, 11 had lacunar infarction, 8 had large-artery atherosclerosis, 6 had cardioembolism, and 10 had other conditions or unknown pathogenesis. Patients with incident cardiovascular events were more likely to be older, men, and have diabetes mellitus and a history of ischemic heart disease and stroke (Table 4 ). In the MRI assessments, BA diameter, lacunar infarct, and severity of DWMH were associated with cardiovascular events (Table 4) . Kaplan-Meier plots of event-free survival show that a large BA diameter (above the median of 2.7 mm) was associated with cardiovascular events (log-rank test P<0.001; Figure) . In the Cox proportional hazards models, BA diameter was associated with risk of total cardiovascular events after adjusting for age and sex (hazard ratio [HR], 1.60 per 1 mm increase in BA diameter; P=0.003). The adjusted HR for BA diameter was virtually unchanged after adjusting for conventional risk factors and other MRI parameters (Table 5 ). Among the cardiovascular events, BA diameter was associated with coronary heart events after adjusting for age and sex (HR, 1.59 per 1 mm increase in BA diameter; P=0.04) but not with cerebrovascular events (HR, 1.07 per 1 mm increase in BA diameter; P=0.93). However, BA diameter tended to be associated with cerebrovascular events in the vertebrobasilar territory (HR, 1.90 per 1 mm increase in BA diameter; P=0.12) or in noncardioembolic ischemic stroke (HR, 1.76 per 1 mm increase in BA diameter; P=0.09). Concerning the other MRI parameters, lacunar infarct and DWMH were associated with cerebrovascular events. Intracranial stenotic lesions were not significantly associated with the total cardiovascular, cerebrovascular, or coronary heart events.
In the cross-sectional study, BA diameter was markedly influenced by the type of variation of the posterior circle of Willis (Tables 2 and 3) . To avoid the effect of anatomic variation, we also assessed the association between BA diameter and cardiovascular events only in patients with adult-type circle of Willis (Table I in the online-only Data Supplement). In 285 patients with adult-type circle of Willis, BA diameter was associated with the risk of total cardiovascular events after adjusting for age and sex (HR, 1.75 per 1 mm increase in BA diameter; P=0.01), and the association remained significant after adjusting for conventional risk factors and other MRI parameters.
Discussion
The BA diameter of the present subjects was smaller than that in the previous reports. Marked dilation of the BA, usually defined as >4.5 mm of the vessel size, is defined as BA dolichoectasia. 17, 18 The prevalence of BA or intracranial dolichoectasia is 3.1% to 13.9% in patients with ischemic stroke 5,11 and 1.3% in healthy people. 7 In the present study, patients with a BA diameter >4.5 mm made up only 0.8% of the 493 total patients, of whom 24.7% had a history of ischemic stroke. We defined BA diameter as the minor axis of the BA diameter on the axial MRI images because the BA sometimes extends obliquely and is shaped like an ellipse in cross section, which may be a reason for the smaller size of the BA in this study. In addition, the incidence of dolichoectasia may differ across races. BA dolichoectasia has been extensively studied and shown to be associated with CSVD in previous cross-sectional studies. 5, [19] [20] [21] [22] Here, we found that increased BA diameter was associated with CSVD (ie, lacunar infarct and severity of white matter lesions), although most of the patients did not have dolichoectasia. CSVD and BA dilation may have a common pathogenesis. We showed a significant association between BA diameter and the pulsatility index of the carotid artery, which represents the vascular resistance. Large artery stiffening and carotid and intracranial arterial pulsatility have recently been shown to be associated with CSVD. [23] [24] [25] Increased arterial stiffness and vascular resistance may underlie both BA dilation and CSVD. We also found that BA diameter was associated with large-vessel atherosclerosis (ie, carotid IMT and intracranial arterial steno-occlusion). Pico et al 5 reported that intracranial arterial dolichoectasia was not associated with carotid IMT in patients with cerebral infarction. However, BA diameter significantly correlated to carotid IMT and intracranial arterial stenosis in our study (Table 2) . Only 40% of participants in this study had a history of stroke; thus, the difference in patient backgrounds may explain this discrepancy. The relationship between BA diameter and intracranial arterial stenosis was significant only when the stenosis was localized in the internal carotid arteries. The BA may be dilated as a compensatory response to preserve the cerebral blood flow in case of internal carotid artery stenosis or occlusion. 26 CSVD and large-vessel disease were both related to, although CSVD seems to have a closer association with, BA dilation.
BA dolichoectasia has been shown to be associated with intracranial bleeding and stroke mortality 6, [13] [14] [15] [16] ; however, the clinical significance of BA diameter for incident cardiovascular and cerebrovascular events has rarely been examined. Pico et al 6 investigated the association between BA diameter and 5-year mortality as a result of stroke, nonstroke vascular events, and nonvascular events in 466 patients with brain infarction. They found that BA diameter, especially if >4.3 mm, was independently associated with cerebrovascular mortality. In this prospective cohort study, we showed the predictive value of BA diameter for the total cardiovascular events. Unexpectedly, our results showed that BA diameter had a predictive value for coronary heart events but not for cerebrovascular events. The absence of a relationship between BA diameter and cerebrovascular events may be explained by the fact that stroke is a multifactorial disease with both ischemic and hemorrhagic types. However, we found a borderline significance between BA diameter and cerebrovascular events in the vertebrobasilar arterial territory or in noncardioembolic ischemic stroke. Thus, the relationship between BA diameter and future stroke, especially noncardioembolic ischemic stroke in the posterior circulation, needs to be further examined. In contrast, BA diameter had a predictive value for coronary heart events. BA diameter itself is unlikely to be a causal factor of coronary heart events. However, the association between dolichoectasia and myocardial infarction has also been reported. 5, 27 The reasons for the association between intracranial vascular dilation and coronary heart events are unclear. It might be explained by the fact that BA diameter was associated with carotid IMT, which is a strong predictor of myocardial infarction. 28 The significant relationship of BA diameter to a history of ischemic heart disease in the cross-sectional study (Table 2 ) also supported the association between BA diameter and future coronary heart disease.
We also investigated the predictive values of cardiovascular events in other MRI parameters, such as lacunar infarct, DWMH, and intracranial stenosis. Lacunar infarct and Model 1: adjusted for age and sex; model 2: adjusted for age, sex, hypertension, diabetes mellitus, and history of stroke and ischemic heart disease; model 3: adjusted for age, sex, hypertension, diabetes mellitus, history of ischemic heart disease, lacunar infarct, DWMH score, and intracranial stenotic lesion. Data with P<0.1 are shown in models 2 and 3. BA indicates basilar artery diameter; CI, confidence interval; DWMH, deep white matter hyperintensities; HR, hazard ratio; and n.c., not calculated.
DWMH were both related to cerebrovascular events, which have already been shown to be independent predictors of incident stroke.
1,2 However, intracranial stenosis was not related to cerebrovascular events. The reason may be that most cases of intracranial stenosis were asymptomatic in this study and that the annual stroke rate was low, ≈0.5%, in patients with asymptomatic intracranial stenosis. 4 In conclusion, BA diameter, easily measured by routine brain MRI, is associated with both CSVD and large-vessel atherosclerosis and could be a new predictive marker of incident cardiovascular events. Increased vascular resistance, atherosclerosis, and increased flow volume may play a role in BA dilation.
